Technological advancements in antibody identification have revolutionized how we assess risk in solid organ transplantation. From the identification of low-level antibodies to the characterization of highly sensitized retransplant patients,^[@bib1]^ these advancements, particularly solid phase single-antigen beads (SABs) assays, have made it exponentially easier to differentiate and categorize patients.^[@bib2],[@bib3]^ However, as beneficial as this is to organ allocation and desensitization protocols,^[@bib4]^ it provides minimal improvement in rejection diagnosis and treatment,^[@bib5],[@bib6]^ particularly when attempting quantification through mean fluorescence intensity (MFI).^[@bib5]^

Although there is an association of elevated MFI values with worse outcomes, there is very little evidence supporting a direct correlation of MFI and clinical impact. For example, Lefaucheur et al^[@bib7]^ showed in a pretransplant setting that patients with donor-specific antibody (DSA) higher than 6000 MFI presented a 100-fold increased risk for antibody-mediated rejection (AMR) (relative risk, 113.0; 95% confidence interval \[CI\], 30.8-414), however, the CI showed by the data suggests that some of the patients in this group presented lower risk for AMR than patients with MFI between 465 and 1500 (relative risk, 24.8; 95% CI, 4.6-134.8. When evaluating large cohorts, it is possible to find greater risk associated to higher MFI values, but the question remains, what differs in patients with high MFI values that develop AMR versus those that do not?^[@bib5],[@bib8]^

In the posttransplant setting, the appearance of anti-HLA DSAs, as determined by MFI and the subsequent rise and/or fall of the MFI value, although implying risk, does very little to define the function and activity of that antibody.^[@bib8],[@bib9]^ When considering the functionality of DSA, it was recently demonstrated by Loupy et al^[@bib10]^ that allograft survival in the presence of C1q-binding DSA was significantly lower than that in patients with non--C1q-binding DSA and no DSA. However, in their cross-sectional analysis of 1016 patients tested at 1 year or at the time of rejection with a 5-year follow-up, they found only 77 patients with C1q-positive DSA. Although providing a highly significant cohort of patients at higher risk for allograft loss, suggesting the functionality of DSA at a specific time point, these data do little to elucidate the true evolution of the immune response. One could argue that instead of being a marker for rejection and possibly an opportunity for intervention, it is nothing more than evidence of a predetermined fate.

It has recently been shown that the presence of complement-fixing IgG (IgG1 and/or IgG3) is abundant in kidney transplant patient serum but is not a determinant of the detection of C1q-binding.^[@bib11]^ Moreover, subclass switching is hypothesized to follow a programmed sequence after an emergency signal from the germinal center leading to the production of IgM followed by IgG3, then IgG1, then IgG2, and finally IgG4.^[@bib12]^ This process is influenced by the initial immune response, the microenvironment of cytokines, and the signaling produced.^[@bib13],[@bib14]^ There are many reports suggesting that IgG3 and IgG1 appear relatively early in the immune response and are often the only subclasses detected, which could mean early antigen clearance.^[@bib12]^ Arnold et al^[@bib15]^ observed that AMR features were more common in patients with an expansion to non--complement-fixing DSA. This suggests that the expansion of complement-fixing to non--complement-fixing DSA shows an evolution of the immune response. Little has been described in transplantation about this process, because most studies evaluate pretransplant sera alone or pretransplant sera with only 1 posttransplant time point.^[@bib16]-[@bib21]^

In the present study, we sequentially evaluated anti-HLA DSA subclasses, their profile changes, and C1q-binding ability while observing the influence of those characteristics on AMR and allograft function in live donor kidney transplant recipients.

METHODOLOGY
===========

Patients and Sera Selection
---------------------------

From January of 2007, we prospectively monitored kidney transplant recipients for the presence of donor-specific anti-HLA antibodies (DSA) by SAB. Between 2007 and 2010, 158 patients received kidneys from live donors at the Hospital Universitário Evangélico de Curitiba. From those, 63 patients were excluded due to lack of complete follow-up or available serum for new tests, and 65 did not present DSA during the 5 years of posttransplant monitoring. Thirty patients were included in the study, 21 with preformed DSA and 9 with de novo DSA. All transplants required a negative complement-dependent cytotoxicity crossmatch for IgG T cell and B cell, and ABO blood group compatibility. Sera collection is shown in Figure [1](#F1){ref-type="fig"}. The study was approved by the Ethics Committee for Research from the Pontifícia Universidade Católica do Paraná.

![Sera samples collected during prospective posttransplant monitoring.](txd-4-e385-g001){#F1}

Clinical Data
-------------

Clinical data on donors and recipients were obtained from the original medical records. Immunosuppression included prednisone, cyclosporine, and mycophenolate mofetil. Acute clinical rejection was characterized by deterioration of allograft function, proteinuria, and histopathological evidence. Allograft function is shown as estimated glomerular filtration rate (eGFR) by the Modification of Diet in Renal Disease (MDRD) formula in mL/min per 1.73 m^2^. Proteinuria is presented in the following categories: P+, 150 to 500 mg; P++, 500 to 1000 mg; P+++, 1000 to 3500 mg; P++++, \>3500 mg. Biopsies were reanalyzed by 2 different pathologists without any clinical information of the recipient and were classified according to the most recent Banff classification criteria. C4d was performed for all biopsies.

Detection of IgG and DSA Characterization
-----------------------------------------

Pretransplant and posttransplant sera were tested for class I and class II anti-HLA antibodies (SAB-IgG~total~) with commercially available, Luminex-based Single Antigen Bead assay kits (LABScreen Single Antigen LS1A04 and LS2A01; One Lambda, Inc.; Canoga Park, CA) per the manufacturer\'s protocol and analyzed with HLA FUSION software (One Lambda, Inc.). A positive result was defined as a baseline normalized mean fluorescence intensity (MFI) greater than 500. Donor specificity for anti-HLA antibodies was determined by the comparison of the HLA antibody specificities with the HLA typing of the donor for HLA-A, -B, -DRB1, -DRB3, -4 and -5, -DQB1, and -DQA1 loci. HLA typing for both patient and donor was performed by LABType SSO (One Lambda, Inc.).

### Detection of IgG Subclasses

DSA-positive samples were tested with a modified SAB assay to determine the IgG subclass of the antibody. The generic secondary antibody IgG~total~ (One Lambda, Inc.) was replaced by monoclonal secondary antibodies specific for IgG~1-4~ subclasses conjugated with phycoerythrin (PE) (IgG~1~ clone HP6001, IgG~2~ clone 31-7-4, IgG~3~ clone HP6050, IgG~4~ clone HP6025; Southern Biotech, Birmingham, AL). A positive result was defined as an MFI above the cutoff ratio that was generated for each individual bead of each subclass using 3 negative control sera (NC1-3) obtained from healthy, nonsensitized, anti-HLA antibody negative males, and 1 commercially available negative control serum (NC4). The cutoff ratio was calculated as follows: cutoff MFI = 2 × ((mean NC1-4) + 3 × (Standard deviations NC1-4)); cutoff ratio = MFI/cutoff MFI. A ratio above 5 was considered positive.

### Detection of Complement-fixing Antibodies

DSA-positive samples were tested for C1q-binding anti-HLA antibodies (SAB-C1q) using commercially available kits (C1qScreen; One Lambda). The serum samples were heat-treated (56°C for 30 minutes) to denature endogenous complement components and the test was performed per the manufacturer\'s protocol. The analyses of C1q results were performed by HLA FUSION software (One Lambda, Inc.) following the interpretation method published by Tyan et al.^[@bib22]^

Statistics
----------

Comparison of patient and donor characteristics between groups according to sensitization status was performed with the χ^2^ test for discrete variables and with analysis of variance (ANOVA) or the Kruskal-Wallis test, as applicable, for quantitative variables. Survival was analyzed from the time of transplantation to a maximum of 5 years using kidney allograft loss as the event of interest. Survival rates were compared according to the presence of anti-HLA DSA C1q-binding status using the log-rank test. Allograft function was evaluated by comparing the means of groups with DSA C1q-binding and DSA without C1q-binding by ANOVA 1-way on the following posttransplant days: 30, 180, 365, 730, 1095, 1460, and 1825. We further applied repeated-measures ANOVA to evaluate the variance in eGFR MDRD over time after transplant according to the presence of DSA C1q-binding. All statistical analyses were performed using MedCalc for Windows, version 13.0 (MedCalc Software, Ostend, Belgium). Statistical significance was set at *P* less than 0.05.

RESULTS
=======

Study Population Demographics
-----------------------------

Patient characteristics according to C1q DSA status are shown in Table [1](#T1){ref-type="table"}. Patients with C1q DSA-positive at any time during the study were included in the group DSA+C1q+. We tested a mean of twelve serum samples per patient from pretransplant up to 5 years after transplantation for the presence of DSA. In the posttransplant evaluation, anti-HLA class II DSA was more frequent than class I alone and classes I and II together. IgG subclasses were primarily found in combinations, IgG1 being the most frequent. C1q-binding was detected in 3 pretransplant patients, 2 of whom continued to present during the posttransplant period. Four patients presented C1q-binding during posttransplant monitoring, and 2 of these presented pretransplant DSA, whereas 2 formed posttransplant DSA (Figure [2](#F2){ref-type="fig"}). Four patients presented antibody-mediated rejection (AMR), 3 presensitized and 1 with de novo DSA. T cell--mediated rejection (TCMR) occurred in 2 patients, both with de novo DSA. Two patients lost their allograft, 1 with preformed DSA, and 1 with de novo DSA. Three patients died during the study, 2 with functioning allografts and 1 who developed DSA, C1q-binding, and AMR.

###### 

Patient demographics

![](txd-4-e385-g002)

![Study population according to anti-HLA DSA and C1q-binding status. C1q+-C1q-binding positive; C1q−-C1q-binding negative.](txd-4-e385-g003){#F2}

MFI of IgG total and C1q-binding According to IgG Subclass Groups
-----------------------------------------------------------------

We analyzed 1598 beads with positive reactions in IgG total for anti-HLA class I, and 2087 positive reactions for anti-HLA class II antibodies. In 630 (39.4%) of class I beads, and 899 (43.1%) of class II beads with low MFI, it was not possible to define the IgG subclass. IgG1 was the predominant IgG subclass found either alone or in combinations with other subclasses; 811 (50.8%) for class I and 1091 (52.3%) for class II antibodies. C1q-binding reactions showed a higher MFI when IgG1 and IgG3 were positive (Table [2](#T2){ref-type="table"}).

###### 

Mean fluorescence intensity in SAB IgG total and SAB C1q by groups of IgG subclasses
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Pretransplant IgG Subclass Pattern, C1q Reactivity and Previous Sensitization
-----------------------------------------------------------------------------

Twenty-one patients had preformed DSA. Pretransplant antibody profile and sensitization are shown in Table [3](#T3){ref-type="table"}. Previous sensitization information was not available for 2 patients. Patients with only transfusions or only pregnancies presented IgG1 and/or IgG3 with lower MFI, whereas patients with both transfusion and pregnancy or previous transplant presented a broader antibody profile with a higher MFI (*P* \< 0.00001) (Table [4](#T4){ref-type="table"}). 90.7% of the positive beads in previously transplanted patients had IgG2 and IgG4 in its composition and 64.3% of the positive bead reactions in patients with pregnancy plus transfusion presented IgG1 and IgG3 (χ^2^=97.504; *P* \< 0.0001). C1q-binding was detected in 6 pretransplant patients, of these, 2 were DSA. Patients with C1q-binding antibodies were sensitized by transfusions and pregnancy or previous transplantation.

###### 

Pretransplant antibody profile
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###### 

Groups of anti-HLA antibodies IgG subclasses found in pretransplant sera according with previous sensitization
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Posttransplant Changes in IgG Subclass Patterns and C1q Reactivity
------------------------------------------------------------------

### Presensitized Patients

Table [5](#T5){ref-type="table"} shows posttransplant evolution of preformed DSA for each patient with the changes in DSA IgG subclasses, ability to bind C1q, allograft function, and clinical events over time during follow-up. Patients 2, 6 and 17 had preformed C1q-binding DSA; but only patients 2 and 17 remained positive after transplantation. Patient 17 presented AMR with minimal (10%) C4d deposition. Patients 4 and 20 were presensitized after multiple transfusions and pregnancies and developed posttransplant C1q-binding DSA showing an increase in MFI values and changes in IgG subclasses patterns, C4d deposition, and AMR. Patient 20 lost the allograft before completing 1 year of transplant.

###### 

Posttransplant antibody monitoring results of presensitized patients
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De Novo DSA Patients
--------------------

Table [6](#T6){ref-type="table"} shows the posttransplant follow-up for patients that developed DSA after transplantation, with the changes of IgG subclasses, ability to bind C1q, allograft function, and clinical events. Patients 22 and 25 formed C1q-binding DSA. The first anti-HLA DSA detected in patient number 22 was on day 90 after transplant with no C1q binding, followed by an increase in MFI and change in the subclass profile from IgG1 and/or IgG3 to all subclasses and C1q-binding. This patient developed AMR and lost the allograft before completing 2 years of transplant.

###### 

Posttransplant antibody monitoring results of de novo DSA patients
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C1q Reactivity and Allograft Function and Survival
--------------------------------------------------

Allograft function over time was evaluated by comparing the mean eGFR MDRD by period (Figure [3](#F3){ref-type="fig"}A) and by ANOVA repeated measurements (Figure [3](#F3){ref-type="fig"}B). Patients with C1q binding anti-HLA DSA showed lower allograft function from the first year of transplant through the fifth year. Allograft loss was only observed in patients with C1q binding anti-HLA DSA (100% survival rate at 5 years for DSA+C1q− patients compared to 71.4% survival rate for patients DSA+C1q+).

![Evolution of allograft function. A, Comparison of means of allograft function measured by eGFR by MDRD according to the presence of anti-HLA DSAs with or without C1q-binding by each period of time evaluated. B, Evolution of allograft function over time evaluated by repeated-measures ANOVA according to C1q-binding status.](txd-4-e385-g009){#F3}

DISCUSSION
==========

In the present study, we sequentially followed up 30 patients with anti-HLA DSA (mean of 12 samples per patient) to evaluate characteristics such as HLA class, IgG subclass, C1q-binding ability, changes in reaction patterns over time after transplant, time of AMR, TCMR, and allograft dysfunction. All transplants required a negative T and B cell CDC-XM at the time of transplantation. The presence of DSA of any MFI value was not a counter indication for transplantation.

In pretransplant and posttransplant sera, IgG1 was the most common IgG subclass. Presensitized patients showed different compositions of IgG subclasses according to the cause of sensitization. Patients sensitized by only transfusion or pregnancies had anti-HLA antibodies of IgG1 and/or IgG3 subclasses, whereas patients with both transfusion and pregnancies and previous transplant showed a broader range of IgG subclasses. This is in accordance with data presented by Lowe et al.^[@bib19]^

We found IgG3 more frequently than IgG2 in posttransplant sera rather than the expected order of the IgG subclass concentration IgG1, IgG2, IgG3, and IgG4.^[@bib23]^ The evaluation of sequential sera allowed for detection of subclasses at different stages of the immune response. We hypothesize that like other diseases, such as membranous glomerulonephritis,^[@bib24],[@bib25]^ development of AMR and its progression is related to subclass switching. There were also differences between patients with preformed DSA and de novo DSA, in which de novo DSA were primarily made up of IgG1 and IgG3 alone. Only 1 patient with de novo DSA presented AMR, and subsequently, allograft dysfunction. The first IgG detected was a class II DSA of IgG3 subclass with no C1q-binding ability in vitro. We subsequently detected all subclasses and C1q binding in the next serum, which presented AMR features in the tissue with minimal C4d deposition. It has been suggested that subclass switching occurs first from IgM to IgG3 and then to IgG1, IgG2, and IgG4. In many responses early antigen clearance would prevent the appearance of IgG2 and IgG4.^[@bib12]^ IgG2 and IgG4 were detected, but only in combination with other subclasses, demonstrating an evolution of the immune response. The presence of IgG2 and IgG4 was shown in elutes of rejected renal allografts confirming sequential subclass switching.^[@bib16]^ Moreover, there seemed to be a correlation between the occurrence of AMR and the expansion of complement-fixing to noncomplement fixing DSA.^[@bib15]^

Another important observation was that despite the high prevalence of IgG1 subclass, C1q-binding was found in less than 15% of the sera tested, and only in the presence of high MFI IgG1 or, most frequently, in the presence of a combination of all 4 subclasses. As recently shown by Schaub et al, C1q binding is related to anti-HLA antibody density, and furthermore, a great number of HLA antibodies found in sera that do not induce C1q-binding in vitro do, however, contain C-binding IgG subclasses (IgG1 and IgG3).^[@bib11]^ The presence of all 4 subclasses can indicate a higher antibody concentration, thus providing higher density for C1q-binding. The presence of a high concentration of antibodies sequentially binding to antigens leads to hexamer formation that binds to C1q with higher avidity than monomeric IgG, inducing activation of the complement system.^[@bib26]^

Antibody-mediated rejection is one of the leading causes of allograft failure.^[@bib27]^ Although the presence of DSA implies risk for AMR, long-term survival of patients with DSA has been reported.^[@bib28],[@bib29]^ Despite our small population number, we observed that most patients diagnosed with AMR presented an increase in MFI, changes in IgG subclasses, and C1q-binding DSA. Loupy et al reported that patients with donor specific C1q-binding DSA present lower allograft survival within 5-years of follow-up when compared with non--complement-binding DSA and non-DSA patients.^[@bib10]^ Moreover, pediatric kidney recipients with de novo C1q DSA reactivity showed higher rates of rejection and increased risk of allograft loss.^[@bib30]^ The presence of a combination of IgG subclasses with C1q-binding DSA could also be related to AMR occurrence, and diminished allograft function. It was previously shown that liver transplant patients with IgG subclass combinations containing IgG3 presented allograft survival that was significantly lower than patients who presented a single IgG subclass. Changes in the profile of antibodies during posttransplant follow-up demonstrate the importance of close anti-HLA DSA monitoring after transplantation.^[@bib31]^ Moreover, the presence of different subclasses can indicate distinct phenotypes of AMR. IgG4-containing DSA was associated with features of subclinical AMR, whereas IgG3-containing DSA was associated with an acute form of AMR and represented a greater risk for allograft loss.^[@bib19]^

Our study presents certain limitations, including the small population and testing at different time points with different lots of SAB for DSA. In addition, we were unable to evaluate denatured antigens to confirm the IgG subclass negative reactions.

Recently, 3 different stages of AMR were described by molecular diagnosis of kidney biopsies; early-stage AMR, fully formed AMR, and late-stage AMR.^[@bib32]^ Understanding the natural evolution of anti-HLA antibodies during the process of AMR and correlating to its stages is essential to define treatment. Although our data are not conclusive, we demonstrate that there is a progression of the immune response and it can begin at the sensitization cause and may consequently lead to allograft loss. These insights should be considered if patients are not consistently monitored for anti-HLA antibodies after transplantation. Thus, a single time point evaluation after transplantation may not be sufficient to provide all the information needed to make clinical decisions.
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